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• A new method is proposed for studying overall activity of water oxidation catalysts.
• Mass transfer phenomena in the bubbling reactor have been mathematically modelled.
• The actual rate of oxygen formation (R O2 ) as a function of time is calculated.
• Increase of sweeping gas flow enhances R O2 by decreasing diffusional limitations.
• The method can be also applied for testing semiconductor photocatalysts.
Introduction
Researchers all over the world are investigating photochemical water splitting (WS) to H 2 and O 2 , as a promising way to store solar energy [1] , a challenging reaction thermodynamically uphill [2] . Hydrogen can then be used directly in combustion engines or fuel cells, or combined catalytically with CO 2 to make carbon containing fuels [2] , [3] . WS on semiconductors has been much studied since the pioneering work by Honda and Fujishima [4] with a TiO 2 photoelectrode under UV illumination. The wide band gap, however, of common semiconductors hampers their efficiency, since the absorption of the solar energy is limited to a tiny fraction of the total [5] , basically in the UV. Thus, many new semiconductors are being studied [6] . A common approach consists in separating the functions of light harvesting from water oxidation (WO) and hydrogen formation [7] . As it concerns WO, different metal oxides (containing Ir, Co, Ru, Ni, Rh and Mn) and transition metal complexes (basically Coand Ru-based) have been studied as heterogeneous [8] and homogeneous [9] - [11] catalysts to carry out the four electron oxidation of water to O 2 under photochemical conditions. A possible way to measure the catalyst activity is by means of photoelectrochemical cells [12] - [14] . Alternatively, WO catalysts can be checked by the coupling with photosensitizers and sacrificial reagents [15] - [17] . This type of study is particularly suited to determine whether or not a given catalyst satisfies the kinetic and thermodynamic requirements for the water splitting reaction [16] . Very common is the use of a salt of tris(2,2'-bipyridyl)Ruthenium, [Ru(bpy) 3 ] 2+ , in the presence of persulfate anions (S 2 O 8 2-
) [8] , [18] . The photocatalytic cycle for such system is illustrated in Scheme 1 and consists of [19] , [20] 
Closed batch reactors are generally used for WO studies, where O 2 evolution is analysed either by measuring O 2 dissolved in liquid with a Clark-type electrode [8] , [11] or measuring O 2 partial pressure in the gas headspace by Gas Chromatography (GC), assuming equilibrium between the gas and the liquid phases [6] , [19] , [20] . The initial rate of reaction is considered as the slope of the linear portion of the O 2 concentration curves obtained by the first method, whereas the total O 2 produced is determined from the GC-based type of measurement. From these, the initial Quantum Yield (or Turn Over Frequency) and the Turn Over Number of the catalyst, respectively, are determined, the most important variables to compare the performance of different catalysts.
We have undertaken recently a systematic study of Cocontaining catalysts for WO, including Co-APO-5 zeotype [12] , [22] , Co 3 O 4 (this work) and, more recently, Co-MOFs [23] .
As it concerns Co-APO-5, a first set of photoelectrochemical measurements was carried out, showing the occurrence of WO process [12] . As a second step, a flow reactor was set up, where oxygen evolution was followed in the gas phase: based on such measurements, preliminary kinetic features of a WO system similar to the one under study (Co-APO-5 catalyst) were established by varying the catalyst mass, the persulfate loading and the dye concentration in the system. In this study, the assumption was made that, after an induction period, the rate of oxygen formation was constant in the first stages: this allowed to approximate the oxygen reaction rate by the slope of the oxygen evolution curve in the gas phase.
In the course of the work, it became clear that two improvements had to be made, namely the simultaneous measurement of oxygen evolution in the liquid phase, and the processing of data so to take into account mass transfer phenomena presumably distorting the reaction kinetics.
This is the subject of the present work, which reports a method, as a whole new, yielding the actual rate of oxygen production.
Such a method features, on the one hand a bubbling reactor, where oxygen concentration is simultaneously measured in the 
Photocatalytic WO experiments
In a typical experiment, the reaction mixture has the following radiometer. The complete spectrum of the lamp is reported in a previous paper [12] . The stirring rate was kept at 1100 rpm, to induce a turbulent motion of Ar bubbles through the suspension. The effect of Ar flux was studied at flow rates of 6, 12, 18 or 24 Nml/min, respectively, in different experiments.
A separate experiment was also run, with Ar flowing only through the gas-phase (at 6 Nml/min) and not in the stirred liquid, whereas in all the other experiments the reactor was in a bubbling configuration. This was performed in order to compare the results obtained by from a more conventional no bubbling case, respect to the bubbling reaction system.
Mathematical model
The -oxygen balance in the liquid phase:
-oxygen balance in the gaseous bubble phase:
-oxygen balance in the gas phase in the headspace above liquid:
-oxygen balance in the gas phase at the analyzer:
In Scheme 2 the mass transfer phenomena are illustrated taken into account in the mathematical analysis: the argon flow is injected into the liquid phase, and bubbles with a volume V b are formed. These create a gas-liquid interface for the stripping of the oxygen being produced at the WO catalyst surface. The rate of oxygen production, denoted as R O 2 , is the rate of appearance of oxygen in the liquid phase, and lumps the actual reaction rate at the catalyst surface and the mass transfer of the oxygen from The partial pressure of oxygen in the gas bubbles is increased by the same amount of oxygen left from the liquid (see Eq. 6). The argon bubbles containing oxygen leave the liquid, and enter the gas headspace: the volume of the headspace V g is considered as perfectly mixed, which is an acceptable condition at high gas flow rate, due to the turbulence it induces inside the gas headspace (Eq. 7).
Finally, Eq. 8 states that the partial pressure of oxygen measured at the GC analyzer is characterized by a lag time, during which the gas reaches the analyzer and a numerical response is obtained, which was measured experimentally.
From the above equations, it can be seen that, beside R O 2 , the only unknown parameter is the oxygen gas-liquid mass transfer resistance, given by the diffusion of the oxygen from the liquid bulk to the gas-liquid interface, and its further diffusion to the bulk of the gas phase. Under these conditions, the main resistance to the oxygen diffusion lies in the liquid phase, which is expressed by the parameter k L a: this is the product of the mass transfer coefficient k L , which depends on the system turbulence and, to a lesser extent, on the solid content in the liquid phase; and of the transfer area a, which is the result of the fluid-dynamics of the stirred liquid combined with the flow rate of the sweeping gas. The argon sweeping flow rate Q is approximated to be equal to the one at the outlet of the reactor to the analyzer, because the stripped O 2 concentration during 
where α and β are: On the other hand, α is sensitive to it only for ε > 0.01, which is never reached in our practical experimental conditions. In fact α is:
As a result, the coefficient of the exponential term containing α as exponent in Eq. 9 is practically not dependant on ε, because:
while the one with β as exponent is almost negligible for the system dynamics, because of its instantaneous decay. This behavior indeed reflects the very low residence time of the oxygen in the gaseous bubble immerged in the liquid, with respect to the residence time in the liquid itself or in the gas headspace of the reactor.
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The procedure to numerically derive the rate of oxygen production due to light-induced water oxidation is depicted in the Scheme 3, which reads as follows: after assuming an initial guess value for k L a (0) , Eq. 9 is used to calculate the value of 
and compared to its experimental value. The least square difference between the computed and the experimental curves is used to update the value of k L a (0) to k L a (1) . An iterative process yields the best set of k L a (n) and R O 2 i (n) in 2-3 iterative steps. The "ease" of the iterative step depends on the value of Q: if its value is high enough to speed-up the stripping in the liquid, then both constants α and β are great enough to make their exponential terms fade faster than the one ascribed to the gas phase Q/V g , as will be later shown with practical experimental data. In this case, p O 2 ,analyzer and C O 2 are much less interrelated and can be computed almost within 1 iteration. Conversely, if the value of Q is low, the stripping procedure is quite slow and α causes slower exponential decay, which influences the whole system dynamics. These aspects of the system dynamics were specifically modeled and studied with the intent to understand which resistance is dominant in the oxygen output, and which testing conditions can maximize the oxygen production rate and the total oxygen output obtained with a water-splitting catalytic system.
Modeling with no bubbling of gas in the liquid was also considered in order to derive the oxygen production rate for ). Section (b): Cumulative oxygen (CumO 2 ), in all the environments of the reactor (_L: in the liquid phase; _out: flowed out to the GC analyzer; _gen: generated; _G: in the headspace above the liquid).
Results and discussion

Non-bubbling WO experiment
The non-bubbling experiment is reported in Fig. 2 It is worth of note that the amount of oxygen collected at the end of experiment from the outlet gas phase (CumO 2 _out) is less than that generated at a given moment in the liquid media 
Section 4.3).
Therefore, under no bubbling conditions, the high mass transfer resistance for the stripping of the O 2 from the liquid bulk to the liquid surface, arises to underestimations in the total amount of oxygen evolved when it is measured in the gas phase, as commonly made in the literature [19] , [20] .
Besides the possibility to obtain reliable kinetic data, which is the explicit goal of this paper, an efficient removal of oxygen from the liquid phase is desirable also to avoid this latter unwanted phenomenon.
Bubbling WO experiments and rate of O2 production
An important point in WO experiments is whether the gas phase and the liquid phase are at equilibrium, as far as partition of O 2 is concerned, as often assumed in approximate treatments in the literature [6] , [19] , [20] . It results that the concentration of oxygen in the liquid is higher than it would occur if diffusional limitation to its stripping were not present. Therefore, the sampling of the gas phase alone is not representative of the real reaction rate in the liquid, which could lead to its underestimation; conversely, in a closed reactor without any stripping of the produced oxygen, parasitic reaction involving oxygen consumption cannot be avoided, as
shown in Section 4.1. 
Introduction).
A time lag of ca. 1 min occurs between the measurement of the concentration in the liquid phase and that in the gas phase, due to the time needed for the gas to move from the reaction chamber to the analyzer. This was taken into account in Eq. 8. (Fig. S6) .
The maximum at t > 0 represents the dynamics of the system when the Ru sensitizer is present, and was also evidenced in the test performed without bubbling (Fig. 2) , in which the onset of the reaction does not start instantaneously after illumination.
Such lag time is due to the reaction mechanism, because, on the one hand, the sensitizer has to be oxidized from Ru(II) to Ru(III);
on the other hand, Ru(III) is subjected to both reduction back to Ru(II) and degradation reactions. We have observed the same dynamics in a former work of our group [22] , in which the kinetics of the WO reaction using a Co-APO-5 catalyst was analyzed in the presence of Ru and, thus the reaction rate is assumed to be constant at the beginning of the test.
Fitting of experimental data and mass transfer coefficient (kLa)
For the calculation of Φ O 2 sim , the simulated p O 2 ,analyzer is used. The computation of R' O 2 showed that its profile was much different from the one of the O 2 flow rate at the analyzer This analysis indicates that appropriate testing conditions should be devised in order to know the potential of a watersplitting catalyst, and these conditions are strictly linked to the activity of the catalyst itself; in fact, in the occurrence of catalysts exhibiting higher reaction rates, 24 Nml/min might be semiconductor, reported in the S.M. (Fig. S6-a) , the proper value of sweeping flow rate should be found in order to maintain high the sensibility of the analytical instruments (μ-GC and Clark type electrode) by avoiding a too high dilution of the oxygen in the liquid and gas phases. In that case, the use of high stirring velocity is fundamental to further reduce the resistance due to mass transfer phenomena. all the considered stripping flow rates (see Table S1 ). These values show that the accuracy of the proposed method is generally satisfactory, and it increases at increasing flow rates, i.e. the accuracy of k L a estimation becomes less critical when the difference between the actual and equilibrium concentration of oxygen in the liquid decreases. The profile of CumO 2_ gen is remarkably sensitive to CumO 2_ L only the initial part of the test, and just at the lowest stripping flow rate (6 Nml/min), in which the disengagement of the oxygen is not rapid; in this case, the time constant α is quite low, and the corresponding exponential decay is slow.
Catalyst activity versus sweeping flow rate
Subsequently, the oxygen accumulates prevalently in the gas headspace.
In all other cases, the oxygen is mainly located in the gas headspace (from 12 to 24 Nml/min), as can be seen from the CumO 2_ G curve, while CumO 2_ L is much less relevant than for 6
Nml/min, reflecting the fact that the time constant Q/V g is much lower than α.
With increasing Q/V g values, the amounts of oxygen in the liquid and in the headspace are progressively reduced, and the difference between CumO 2_ gen and CumO 2_ out is also decreased, as already observed in the derivative curves of Therefore, in such conditions, it is possible to more accurately measure the real kinetics of the catalyst under study, and its actual maximum reaction rate for water oxidation. Moreover, since in a real system the product will be continuously removed from the reaction media, we can state that the use of this bubbling reaction system is a reliable way to screen the activity of different catalyst materials for the photo-activated watersplitting reaction.
Conclusions
The method proposed appears to be reliable in determining both the total amount of oxygen produced, and the rate of oxygen evolution as a function of time, the latter a feature not readily measurable in batch reactors. The oxygen production rate was observed to progressively raise with increasing argon flow rate up to a plateau value. Such results suggest that the reaction is inhibited by the presence of O 2 in the solution, whereas its rapid removal increases the rate of reaction, so enhancing also the total amount of O 2 produced. Moreover, the time needed to observe the complete dynamic of the reaction system is reduced of 80-90 % between the non-bubbling test and the bubbling condition.
Internal checks of the procedure are, on the one hand, the observed proportionality of the parameter k L a with stripping In a previous work [22] , based only on the gas phase data, kinetic considerations have been made by assuming that, after an initial delay, the rate of reaction is constant for about 15 min.
By using the new methodology to compute the values of R' O 2 (t),
a more accurate set of data is now available for the derivation of kinetic data, finalized to understand the WO reaction mechanisms. 
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